To investigate mutation-rate variation between autosomes and sex chromosomes in the avian genome, we have analyzed divergence between chicken (Gallus gallus) and turkey (Meleagris galopavo) sequences from 33 autosomal, 28 Z-linked, and 14 W-linked introns with a total ungapped alignment length of approximately 43,000 bp. There are pronounced differences in the mean divergence among autosomes and sex chromosomes (autosomes [A] ¼ 10.08%, Z chromosome ¼ 10.99%, and W chromosome ¼ 5.74%), and we use these data to estimate the male-to-female mutation-rate ratio (a m ) from Z/A, Z/W, and A/W comparisons at 1.71, 2.37, and 2.52, respectively. Because the a m estimates of the three comparisons do not differ significantly, we find no statistical support for a specific reduction in the Z chromosome mutation rate (Z reduction estimated at 4.89%, P ¼ 0.286). The idea of mutation-rate reduction in the sex chromosome hemizygous in one sex (i.e., X in mammals, Z in birds) has been suggested on the basis of theory on adaptive mutationrate evolution. If it exists in birds, the effect would, thus, seem to be weak; a preliminary power analysis suggests that it is significantly less than 18%. Because divergence may vary within chromosomal classes as a result of variation in mutation and/or selection, we developed a novel double-bootstrapping method, bootstrapping both by introns and sites from concatenated alignments, to estimate confidence intervals for chromosomal class rates and for a m . The narrowest interval for the a m estimate is 1.88 to 2.97 from the Z/W comparison. We also estimated a m using maximum likelihood on data from all three chromosome classes; this method yielded a m ¼ 2.47 and approximate 95% confidence intervals of 2.27 to 2.68. Our data are broadly consistent with the idea that mutation-rate differences between chromosomal classes can be explained by the male mutation bias alone.
Introduction
How do mutation rates vary within genomes? To date, most vertebrate studies on mutation-rate variation have focused on mammals with increasing evidence of significant local and regional substitution rate variation at putative neutral sites within mammalian chromosomes (Wolfe, Sharp, and Li 1989; Matassi, Sharp, and Gautier 1999; Williams and Hurst 2000; Lercher, Williams, and Hurst 2001; Smith, Webster, and Ellegren 2002; Waterston et al. 2002; Hardison et al. 2003) . The causes of this variation are poorly understood (Ellegren, Smith, and Webster 2003) , although the observation of covariation of substitution rates in orthologous regions along independent primate lineages shows that regional rate variation is deterministic and repeatable (Smith, Webster, and Ellegren 2002; Hardison et al. 2003) . Attempts to explain mutation-rate heterogenity include invoking sequence context effects (Silva and Kondrashow 2002; Zhao and Boerwinkle 2002; Arndt, Petrov, and Hwa 2003; Smith, Webster, and Ellegren 2003) , an association between mutation and recombination processes (Lercher and Hurst 2002; Waterston et al. 2002; Hardison et al. 2003; Hellmann et al. 2003) , and the evolution of isochores and the correlation between GC content and substitution rates (Eyre-Walker and Hurst 2001) . Understanding how and why mutation rates vary is important not only in the contexts of the molecular basis for mutation and genome evolution but also for addressing the possibility for selection to modify mutation rates (mutationrate evolution [Sniegowski et al. 2000] ).
Substitution-rate variation is also seen at the level of individual chromosomes. There are significant differences in the mean substitution rate among autosomes in various mammalian comparisons (Lercher, Willians, and Hurst 2001; Ebersberger et al. 2002) . The sex chromosomes show the most extreme variation, with the X chromosome evolving slower than autosomes and the Y chromosome evolving faster than autosomes (Li, Yi, and Makova 2002) . At least two factors are thought to affect mutation rate variation between the mammalian sex chromosomes. First, if replication error that occurs during germline cell division is the major mutagenic process, then the much greater number of germline cell divisions in males than in females should increase the Y chromosome mutation rate relative to the X chromosome (Miyata et al. 1987) . This difference underlies the argument for a male-biased mutation or maledriven evolution. In primates, molecular evolutionary analyses show Y chromosome divergence to be approxiamtely 2.2 times higher than X chromosome divergence (Shimmin, Chang, and Li 1993; Makova and Li 2002 ; but see Bohossian, Skaletsky, and Page [2000] ), which translates to a male-to-female mutation rate ratio (a m ) of 4 to 6. In rodents, a m is estimated at approximately 2 (Chang et al. 1994) and in goats at 3 to 4 (Lawson and Hewitt 2002) , potentially indicating a correlation between generation time and a m .
Second, we may expect selection to favor a reduced mutation rate on the X chromosome because of the hemizygous exposure of recessive deleterious mutations (McVean and Hurst 1997) . This theory was supported by an early finding that the X-linked synonymous substitution rate in the mouse-rat comparison was reduced to a greater extent than could be caused by a male mutation bias alone (McVean and Hurst 1997) . However, the current evidence for such an adaptive reduction in the X-linked mutation rate of mammals is weak. For example, in a humanchimpanzee comparison of genomic sequences, the reduction in X-linked rates can be explained by a male mutation bias and high ancestral polymorphism because confidence intervals of the estimates of the male mutation bias derived from different chromosome comparisons X/A, Y/A, and Y/X overlap (Ebersberger et al. 2002) . A similar conclusion was recently reached by Malcom, Wyckoff, and Lahn (2003) from extensive human-mouse and mouse-rat comparisons that used synonymous substitution rates. It is unclear why the results from the two latter studies are not consistent with the observation of McVean and Hurst (1997) .
The sex chromosome system of birds (ZZ males and ZW females) offers an interesting contrast to that of mammals, not least because the avian sex chromosomes evolved independently of those in mammals; that is, mammalian X chromosomes and avian Z chromosomes are not syntenic (Fridolfsson et al. 1998; Nanda et al. 1999 Nanda et al. , 2002 . We expect the avian Z chromosome to have an elevated mutation rate caused by the male mutation bias because the Z chromosome spends two-thirds of its time in males, where rates of germline cell division are high. Accordingly, Z should evolve faster than the femalespecific W chromosome. This prediction is supported by analyses of substitution rates in gametologous introns shared between the Z and W chromosome of various bird lineages (Ellegren and Fridolfsson 1997; Kahn and Quinn 1999; Carmichael et al. 2000; Fridolfsson and Ellegren 2000; Bartosch-Härlid et al. 2003) ; the Z chromosome evolves faster than the W chromosome. There is some variation in the different estimates of avian a m (1.7 to 6.5), but the confidence intervals associated with these estimates are large, and so far, all estimates have been based on molecular evolutionary analyses of a limited number of short introns or short coding sequences.
Predictions for an adaptive reduction in X-linked mutation rates apply in the same way to the avian Z chromosome. Because deleterious mutations will be exposed on the Z chromosome when hemizygous in females, selection may favor a reduced mutation rate on this chromosome. The effects of adaptive mutation rates and the male mutation bias are, thus, expected to work in opposition in birds, leading to reduced and increased Z rate, respectively. Note that avian W as well as mammalian Y is always hemizygous but, as will be discussed later, several lines of arguments suggest that there is little potential for adaptive mutation-rate evolution on these chromosomes. The evidence for Z evolving faster than W seems unambiguous, but this does not rule out that the Z rate is lower than what should be expected from malebiased mutation alone.
Fortunately, a quantitative assessment of the role of the male mutation bias and chromosome-specific mutation rates in birds can by obtained from comparisons of substitution rates in autosomes (A), the Z chromosome, and the W chromosome. If the male mutation bias is the main factor governing the mean mutation rate of chromosomes, then estimates of a m should be similar from Z/A, Z/W, and A/W comparisons (cf. Miyata et al. 1987; McVean and Hurst 1997; Malcom, Wyckoff, and Lahn 2003) . On the other hand, if the Z chromosome mutation rate is specifically reduced, a m estimated from A/W should be higher than when estimated from Z/A and Z/W comparisons. To address this issue, we here make a large-scale attempt to analyze substitution rate variation in the avian genome by studying divergence in roughly 43 kb of orthologous, noncoding sequence of chicken (Gallus gallus) and turkey (Meleagris galopavo). We obtain data from 74 different introns on autosomes, Z chromosome, and W chromosome and contrast a m estimates from Z/A, Z/W, and A/W comparisons.
Materials and Methods

Collection of Sequence Data
Chicken and turkey intron sequences were derived for autosomal, Z-linked or W-linked genes (map information from ArkDB farm animal database at www.thearkdb.org or Schmid et al. [2000] ), with the criterion of using only introns longer than 200 bp to reduce stochastic variation in estimates of divergence. This decision was motivated by the use of a novel bootstrapping method that bootstraps by both introns and sites. Also, excluding short introns may reduce the effect of constraint on small introns that results from conservation of splice sites. Because the exon-intron organization is not given for most avian genes in GenBank, we first Blasted chicken cDNA sequences against the draft human genome at NCBI (July 2003 build). Large gaps in the avian sequence produced in such Blast alignments should represent positions of putative introns; for all genes analyzed in this study, this approach revealed putative avian introns at precisely the same positions as in orthologous human genes. After this procedure, we designed exonic PCR primers for sequencing of both chicken and turkey introns (Appendix 1-3). For a few genes, the full genomic sequence, including exons and introns, was available in chicken. In those cases, exonic primers were designed for amplification in turkey only.
Chicken and turkey DNA was extracted from fresh muscle tissue by standard proteinase K digestion and phenol/chloroform purification, adapted from Hoelzel and Green (1998) . PCR reactions were carried out in 50-ll reaction volumes that contained 20 to 250 ng of DNA template, 13PCR Gold buffer (Applied Biosystems), 0.2 lM of each primer, 2.0 mM MgCl 2 , 0.2 mM dNTPs (Amersham Pharmacia Biotech Inc), and 1 U Ampli Taq Gold (Applied Biosystems). Amplification reactions were performed using an initial denaturation at 958C for 5 min, followed by 33 to 40 cycles at 948C for 30 s and specific annealing and extension conditions for every intron. Amplified fragments were purified using the Qiaquick purification protocol (Qiagen), sequenced using BigDyeÔ Terminator Cycle Sequencing chemistry with original primers (Applied Biosystems), and sequences were recorded with an ABI377 semiautomated sequencing instrument (Applied Biosystems). Sites found to be heterozygous in direct sequencing were excluded from analysis. In some cases, sequencing was preceded by cloning, which was done using the pGEM-T vector kit. Sequencing reactions were then initiated with M13 vector primers. Sequence data from this article have been deposited with the GenBank Data Library under Divergence in Autosomal, Z-Linked, and W-Linked Avian Introns 1539 accession numbers AF006660, AF526055, AY139836 to AY139865, AY142943 to AY142944, AY144673 to AY144682, AY189754 to AY189777, AY194125 to AY194147, AY298959 to AY299013, AY380785 to AY380789, and AY426725 to AY426737.
Sequence Analysis
Orthologous chicken and turkey introns were aligned by use of ClustalW on default settings (Thompson, Higgins, and Gibson 1994) , although some manual adjustment was required to improve the alignment of repetitive sequences. Pairwise distances were estimated by use of the baseml program in PAML version 3.11 (Yang 1997) , with the Tamura-Nei (Tamura and Nei 1993) model of sequence evolution. Distances were estimated on the assumption that all sites evolve at the same rate (i.e., no among-site rate variation).
The estimation of confidence intervals and hypothesis testing was carried out by application of nonparametric bootstrapping. We developed a new bootstrapping procedure, termed double bootstrapping. For a given chromosome category (A, Z, or W) we first bootstrapped by introns, randomly sampling introns with replacement to give the same total number of introns as in the original data set, and then, for each of the intron alignments, we bootstrapped by sites, randomly sampling sites with replacement to generate alignments of the same length as the originals. The first stage of the bootstrapping procedure accounts for variation in substitution rates between different introns, as may be caused by regional variation in mutation and/or selection (reviewed in Ellegren, Smith, and Webster [2003] ). Our preliminary observations suggest that this variation may be significant in bird genomes and that it is present in autosomes as well as the sex chromosomes (S. Berlin, N. G. C. Smith, and H. Ellegrin, unpublished data). Note, for instance, that the point estimates of divergence in autosomal introns varies between 3.9% and 18.5% (table 1), although these estimates are associated with large confidence intervals. We are currently investigating the causes of this rate heterogeneity. Preliminary analyses suggest that conserved sites or blocks explain part of the variation, but an underlying variation in the mutation rate contributes as well. One important implication of regional substitutionrate variation is that estimates of a m can be heavily biased when based on individual introns. The second stage of the bootstrapping accounts for noise generated during the estimation of divergence. Pairwise distances were calculated for each of the alignments after the double bootstrapping, and the unweighted mean of these distances was taken as the output.
The bootstrapping process was repeated 1,000 times, thereby giving 1,000 sets of W-linked, Z-linked, and autosomal divergences from which to estimate the male mutation bias (a m ) and other rate statistics. The standard deviation of the bootstrap values gives an estimate of the standard error of the bootstrapped statistic (Sokal and Rohlf 1995) . Hypothesis testing that required the comparison of rate statistics was performed by direct comparison of randomized bootstrap values.
Results
A set of autosomal, Z-linked and W-linked introns were sequenced and analyzed in chicken and turkey, two species with a divergence time of 28 MYA, estimated by use of mitochondrial DNA-based molecular clocks (Dimcheff, Drovetski, and Mindell 2002) . We obtained 33 orthologous autosomal alignments with a total ungapped length of 16,188 bp (table 1), 28 Z-linked alignments with total length 16,079 bp (table 2) , and 14 W-linked alignments with total length 10,621 bp (table 3) .
There are pronounced differences in mean divergence among autosomes and sex chromosomes (autosomes [A] ¼ 10.06%, Z chromosome ¼ 10.95%, and W chromosome ¼ 5.71%). When the divergences were calculated using the double-bootstrapping method (see Materials and Methods), we obtained the following values of medians and standard errors for the concatenated alignments: A ¼ 10.08% 6 0.67%, Z ¼ 10.99% 6 0.48%, and W ¼ 5.74% 6 0.49%. Thus, both autosomal and Z-linked sequences seem to evolve at just under twice the rate of W-linked sequences in the chicken-turkey comparison. Figure 1 shows the distribution of bootstrap values for autosomes, the Z chromosome, and the W chromosome with the double-bootstrapping method.
Divergence data from autosomes and sex chromosomes allows the partitioning of the effects of the male mutation bias and one other factor that affects substitution rates. If substitution rates are solely determined by the male mutation bias, then all three estimates of the male mutation bias (a m ) based on pairwise comparisons of divergence in pairs of chromosome categories (equations 1 to 3, using the approach of Miyata et al. [1987] figure 2 . We can quantify any discrepancies in the three estimates of a m by using rearrangements of equations 1 to 3 to predict divergence in one chromosome category, given observed divergences in the two other. Here, we predict divergence on the Z chromosome, given the autosomal and W-linked data. Comparing the expected and observed Zlinked divergences then gives the percentage reduction in the Z-linked substitution rate, termed Z r (equation 4).
Using the double-bootstrapping method, the median value of Z r is 4.89%, with a large bootstrap standard error of 8.50%. So in this approach, there no evidence of a significant discrepancy (P ¼ 0.286; one-tailed probability of Z r 0) from the male mutation bias predictions. Hence, 1540 Axelsson et al. with the present data set, the male-mutation bias is sufficient to explain observed differences in divergence of autosomal, Z-linked, and W-linked sequences in the chicken-turkey comparison.
It is noteworthy that the a m estimates from the three possible comparisons remain consistent despite the significant differences in GC content between autosomes and sex chromosomes: autosomes ¼ 46.7%, Z chromosome ¼ 36.3%, and W chromosome ¼ 33.1% (t-tests: W-A, P ( 0.0001; Z-A, P ( 0.0001; Z-W, P ¼ 0.088). This finding suggests that GC content does not have a strong effect on mean divergence of chromosomal classes, at least not in the sense that it would affect a m estimates.
The observed divergences can be used for estimation of absolute substitution rates between chicken and turkey. Using a divergence time of 28 MYA (Dimcheff, Drovetski, and Mindell 2002) , we obtain rates of A ¼ 3.6 3 10 29 , Z ¼ 3.9 3 10 -9 and W ¼ 2.0 3 10 -9 substitutions per site per year. These rate estimates may be useful for dating events in bird evolution based on nuclear sequence data, although substitution rates may, of course, vary among avian lineages. In mammals, substitution rates in the human and mouse lineages since the split of primates and rodents have been estimated at 2.2 3 10 -9 and 4.5 3 10 -9 , respectively (Waterston et al. 2002) . Note that these latter substitution rates represent the average rates since the time of divergence, and that current rates may differ even more as the difference in generation time between human and most rodents should be more significant now than shortly after divergence (assuming a generation time effect on substitution rates).
It is interesting to note that the substitution rate estimates for the chicken-turkey comparison are very similar to that obtained from restriction site analysis of several galliform species (Helm-Bychowski and Wilson 1986). These authors mapped 161 restriction sites from three autosomal regions and associated estimates of divergence with fossil evidence. Using different calibration points in galliform evolution, they arrived at rate estimates of 3.4 3 10 29 to 4.0 3 10 29 substitutions per site per year. Apparently, the relative early molecular evolutionary work of Helm-Bychowski and Wilson (1986) is in good agreement with data from large-scale DNA sequencing.
Discussion
In this study, we addressed between-chromosome variation in mutation rates in birds. Our approach was to use variation in intronic divergence to infer mutation-rate variation directly. How well justified is this inference? The most likely complication is the effect of selection on intronic sequences in birds. Little is yet known on this subject, but given that comparative studies are uncovering numerous nongenic conserved regions in mammalian genomes (e.g., see Dermitzakis et al. [2002] ) and that bird genomes are smaller than mammalian genomes, it seems possible that conserved regulatory sequences may be relatively common in avian genomes. However, given that a large number of introns were analyzed for each chromosome category and that there may by regional mutation-rate variation or local effects of selection, the present data set may better reflect the mean substitution rate of chromosome category than a similar amount of sequence derived from a single region for each category.
The Male Mutation Bias
Our point estimates of a m for the chicken-turkey comparison are 1.71, 2.37, or 2.52, depending on whether based on Z/A, Z/W, or A/W comparison. Previous studies of male-biased mutation in birds have revealed a m estimates in the range of 1.7 to 6.5 (Ellegren and Fridolfsson 1997 , Kahn and Quin 1999 , Carmichael et al. 2000 , Bartosch-Härlid et al. 2003 , so our point estimates are in the lower range of reported values (table 4) . However, most of the estimates are associated with large confidence intervals, and the confidence intervals obtained in this study (0.62 to 7.16, 1.18 to 2.97, and 1.88 to 3.34) generally overlap with those of previous studies.
If we assume a single true value of a m , then we can estimate it by combining data from autosomes, the Z chromosome, and the W chromosome. For each intron, the observed number of substitutions [O(S)] is given by the ungapped length of the alignment multiplied by the divergence. Note that although we refer to these data as ''observed,'' strictly speaking they are inferred from the alignments, but here we assume perfect inference of divergence. Then assuming a single a m , we can calculate the expected number of substitutions, E(S), for each intron as the product of ungapped alignment length, a chromosome-specific scaling factor, and a normalizing factor that ensures the sum of expected substitutions equals the sum of observed substitutions. The chromosome-specific scaling factors (K) reflect the proportion of time spent in the male and female germlines: K W ¼ 1, K A ¼ (11 a m )/2, and K Z ¼ (112a m )/3. The log-likelihood of a m can be approximated by the G-test statistic (page 692 in Sokal and Rohlf [1995] ), which uses the O(S) and E(S) values to generate a maximum-likelihood estimate of a m ¼ 2.47. Approximate 95% confidence intervals can be estimated as the range of a m for which the log-likelihood is within 2 units of the maximum, which yields a range of 2.27 to 2.68.
Because the amount of sequence data in the present study exceeds that of earlier avian studies by one or two orders of magnitude, and the data are based on autosomes as well as sex chromosomes, our maximum-likelihood a m estimate may be viewed as the most accurate estimate yet obtained for birds. This contention is substantiated by the fact that our estimate is based upon sequence data from a large number of regions from each chromosome category. Regional mutation-rate variation would make a m estimates sensitive to the particular regions used for molecular evolutionary analysis. Previous studies of malebiased mutation in birds (e.g., Ellegren and Fridolfsson [1997] , Kahn and Quinn [1999] , Carmichael et al. [2000] , and Bartosch-Härlid et al. [2003] ), as well as many studies in other organisms (e.g., Shimmin, Chang, and Li [1993] , Bohossian, Skaletsky, and Page [2000] , and Makova and Li [2002] ), have been based on one or a few genomic regions only.
Given the overlap in confidence intervals between the present a m estimates in the chicken-turkey comparison and those obtained in studies of other bird species, it would be premature to conclude that the male mutation bias is lower in galliforms than in other birds. On the other hand, a low-point estimate of 1.8 was independently obtained for chicken and turkey using ATP5A1Z/ATP5A1W intron sequences (Carmichael et al. 2000) , and the same estimate was obtained in a three-species comparison that included one anseriform and two other galliform species using CHD1Z/CHD1W introns (Bartosch-Härlid et al. 2003) . We have recently found evidence of a m being higher in avian lineages with longer generation time and with higher intensity of sexual selection, which suggests a link between life-history characteristics and the male mutation bias (Bartosch-Härlid et al. 2003) . Most galliforms breed at the age of 1 year, so a rather weak male mutation bias would be consistent with a generation time effect.
A potential problem in estimation of the male mutation bias from sex-linked sequences is the effect of ancestral polymorphism, which can bias estimates of a m when distances are low and lineage sorting is incomplete Ellegren 2002a) . However, the effect of ancestral polymorphism in our study is expected to be minimal because all pairwise distances between chicken and turkey are relatively high (5% to 11%), and with a divergence time of 28 MYA, lineage sorting should have been completed long ago. Makova and Li (2002) found ancient polymorphism to affect estimates of a m in the human-chimpanzee comparison (;1% divergence) but not in comparisons of human and more distantly related primates.
Is There a Reduction in the Z Chromosome Mutation Rate?
Our results indicated that in birds, the Z-linked introns evolve slightly faster than autosomal introns, which, in turn, evolve much faster than W-linked introns. These qualitative findings are in keeping with the male mutation bias predictions of Miyata et al. (1987) , and there is, thus, no apparent need to invoke factors additional to the male mutation bias to explain variation in divergence among chromosomal classes. Alternatively, we can view our results as indicating that such potential factors, if they exist, must be weak, which is opposite to some previous suggestions (McVean and Hurst 1997) .
There is the theoretical possibility that the increased efficacy of selection against slightly deleterious mutations on the avian Z chromosome relative to the autosomes (Charlesworth, Coyne, and Barton 1987) could reduce the mutation rate on the Z chromosome relative to null expectations. However, a quantitative analysis provides confidence that weak selection is unlikely to be responsible, for example, for a 5% reduction (the estimated value of Z r ) in the Z chromosome mutation rate.
Irrespective of the nature of dosage compensation in birds (see Ellegren [2002b] ), the expected substitution rate of autosomal relative to Z-linked sequences, R A/Z , is given by (see equations 8a and 9 in Charlesworth, Coyne, and Barton [1987] ):
Even if all slightly deleterious mutations are recessive (McVean and Charlesworth 1999), a conservative assumption with respect to the strength of selection required, then equation 5 shows that a 5% reduction in Z-linked divergence requires the magnitude of Ns, the product of the selective coefficient of mutations and the effective population size, to be unrealistically high.
We conclude that some theoretical arguments as well as our empirical observations do not support a significantly reduced Z-chromosome mutation rate. On the other hand, failure to demonstrate an effect does not mean that it does not exist. Our data set may simply have been too small to allow detection of a modest reduction in Z rate. Additional data are, thus, needed to firmly settle the question and should be accompanied by a power analysis to reveal what minimum reduction in the Z-chromosome mutation rate would be detectable with the data. Such an analysis would require a deeper insight into the patterns and causes of substitution rate heterogeneity among introns or other chromosomal regions. However, as a preliminary analysis of the power of our data set to determine the maximum value of a putative Z reduction, we took the 95% percentile of the 1,000 double-bootstrap estimates of Z r . This method indicated that Z r is significantly less than 18%. We note that this value is considerably less than the point estimate of Z r ¼ 30% in rodents obtained from the X and A substitution data of McVean and Hurst (1997) combined with the assumption of a male-to-female mutation bias of 2 in rodents (Chang et al. 1994 ).
Why Not a Reduced W-Chromosome Mutation Rate?
It should be noted that we may as well had predicted divergence on the W chromosome, given the observed autosomal and Z-linked rates. Similarly, in theory, we could have inferred the reduction in W-linked substitution rates, W r , by comparison of expected and observed divergences (table 4) . Using the present data set, the outcome of such an analysis would have been the same as the analysis of a possible reduction on Z; all comparisons give the same one-tailed probability (P ¼ 0.286) and, thus, provide no statistical support for deviations from expectations from the male mutation bias. However, the question of which approach is the correct one is still warranted from a general perspective: Shall we rely on the observed W rate to calculate the expected Z rate (via comparison with autosomes), or shall we use the observed Z rate to predict the rate on W? Put in other words, should potential discrepancies between the three ways of estimating a m be interpreted as a reduction in the substitution rate on the Z chromosome or as a reduction in the substitution rate on the W chromosome (or as some combination of the two factors)? In fact, the corresponding question applies to studies of mammalian sex chromosomes: Shall the observed Y rate be used to predict the rate on X, or shall the observed X rate be used to calculated the expected rate on Y? Previous work in this field has ignored the latter possibility and only addressed the possible reduction in X-chromosome mutation rate (McVean and Hurst 1997; Nachman and Crowell 2000; Ebersberger et al. 2002; Malcom, Wyckoff, and Lahn 2003) .
There is no way to differentiate between these possibilities with present data, because three chromosome categories means only two degrees of freedom, and one of those is used to estimate the male mutation bias. If we had some way of knowing the ''true'' male mutation bias, we could use the extra degree of freedom to differentiate between a W reduction and a Z reduction by seeing which of the Z/A and A/W comparisons gave the a m estimate closest to the true value. However, evolutionary theory may help to resolve the issue. The argument for a reduction in the Z chromosome mutation rate (McVean and Hurst 1997) relies on cost-benefit considerations of adaptive mutation rates. Given that the Z chromosome contains many more genes than the tiny W chromosome (probably by at least two orders of magnitude [Ellegren 2000; Schmid et al. 2000] ), the strength of selection for a reduced mutation rate should be expected to be much higher on Z than on W. Moreover, note that the benefit of a reduced mutation rate is the avoidance of deleterious mutations being exposed in a hemizygote chromosome. Although W is always hemizygous, a majority of the avian W-linked genes so far characterized have highly similar, and likely functionally equivalent, homologs on Z (Ellegren 2002b) . Recessive mutations in these W-linked genes are likely to be masked by the gametologous Z-linked genes, thereby giving little benefit of mutation-rate reduction.
The Double-Bootstrapping Method Estimating the confidence intervals of divergence measures by bootstrapping individual sites from concatenated data sets is commonly applied in molecular evolutionary studies. However, the increasing support for regional mutation-rate variation within genomes (reviewed in Ellegren,. Smith, and Webster [2003] ), which includes our preliminary data for birds, necessitated an adjustment in the method for estimating the confidence intervals of chromosomal class divergences. Simply concatenating all alignments and then bootstrapping by sampling with replacement from all sites is not sufficient, because it does not account for the variation generated by the choice of a limited number of introns. To account for regional variation, we developed the double-bootstrapping method, which bootstraps by introns and by sites within intronic alignments and then takes the unweighted mean of the Divergence in Autosomal, Z-Linked, and W-Linked Avian Introns 1545 bootstrapped alignments. With this method, we found no statistical support for a specific reduction of the Zchromosome mutation rate. Had we only bootstrapped by sites, slightly different divergence medians and significantly different standard errors would have been obtained (A ¼ 10.27% 6 0.28%, Z ¼ 10.89% 6 0.28%, and W ¼ 5.66% 6 0.26%). Note that the much lower standard errors compared with the double-bootstrapping procedure is a consequence of not taking rate variation among introns into account. Importantly, with this approach, there would have been significant support for a reduction in the Z-chromosome mutation rate (Z r ¼ 7.88%, P ¼ 0.026). We believe this observation is one of general significance and that it calls for careful statistical treatment of molecular evolutionary data sets in the presence of underlying rate heterogeneity.
